The microstructure of a melt-quenched Mg 98 Cu 1 Y 1 alloy has been studied by high-resolution transmission electron microscopy (HRTEM) and high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM). We have found Cu-and Y-rich precipitates, which are uniformly dispersed in Mg-matrix grains. The precipitates are aligned parallel to the c-plane of the Mg-matrix crystal, and have the peculiar morphology consisting of a disk-shaped amorphous core sandwiched between 14H-typed long period stacking order (LPSO) crystals. A relatively stable supper-cooled liquid phase in an Mg-Cu-Y alloy system, and the formation and growth of the LPSO crystals from the amorphous phase are responsible for the peculiar morphology of the precipitates.
Introduction
The Mg-Cu-Y ternary alloy system is known to exhibit a stable super-cooled liquid state at the concentration around Mg 65 Cu 25 Y 10 , which enables to form bulk metallic glass. 1, 2) In order to know reasons for the stabilization of the supercooled liquid state in this alloy system, it is necessary to study the effects on the structure of Mg host by the addition of Cu and Y. For example, how it changes by the single addition of Cu and the simultaneous addition of Cu and Y. Therefore, the microstructures of melt-quenched Mg 100ÀðxþyÞ Cu x Y y alloys have been studied. In the course of the investigation, we have found precipitates aligned parallel to the c-plane of the matrix Mg crystal in a melt-quenched Mg 98 Cu 1 Y 1 alloy. The precipitates have the peculiar morphology consisting of a disk-shaped amorphous core sandwiched between 14H-typed long period stacking order (LPSO) crystals. In this report, we show the results of the structural studies of the precipitates by HRTEM and HAADF-STEM.
The LPSO phase was found by Kawamura et al. in the rapidly solidified powder metallurgy Mg 98 Zn 1 Y 2 alloy. 3) Afterward the structure details were studied by Luo et al. and it was identified as an 18R-typed LPSO structure. 4) This 18R-typed LPSO structure consists of ABABABCACACABC-BCBC stacking order of close-packed planes, in contrast to AB stacking for the hcp Mg crystal. Such LPSO structure has been found for other concentrations in the Mg-Zn-Y alloy system and also for as-cast Mg 98 Zn 1 R 2 (R = Dy, Ho and Er) alloys.
5) Also, a 14H-typed LPSO phase with an ABACB-CBCBCABAB stacking sequence has been found in the MgZn-Y alloy system. 6) It is interesting to investigate how and why such LPSO structures can develop in the hcp Mg crystal, and to know whether other systems like Mg-Cu-R can form such LPSO structure. alloy. Ribbon samples were thinned by grinding and ion milling for TEM observations. HRTEM observations were performed by a 400 kV electron microscope (JEM-4000EX) having a resolution of 0.17 nm, and HAADF-STEM images were taken by a 300 kV electron microscope (JEM-3000F) equipped with a field emission gun in the scanning transmission electron microscope mode. In HAADF-STEM observations, a beam probe with a half width of about 0.2 nm was scanned on samples. Energy dispersive X-ray spectroscopy (EDS) was performed with the JEM-3000F microscope operated at 300 kV. Fig. 4 indicate that the A area is a 14H-typed LPSO structure with an ABACBCBCBCABAB stacking sequence of close-packed planes. This is the first time to find such 14H-typed LPSO structure in the Mg-Cu-Y system. Figure 5 shows that the core part of the precipitate is an amorphous structure showing a typical granular-like pattern. That is, the amorphous region with a disk-like shape is sandwiched between two 14H-typed LPSO crystals. The amorphous region touches to the LPSO crystals with interfaces of the close-packed plane at the disk plane, whereas it directly contacts with the Mg-matrix crystal at the disk edge.
Experimental Procedures

Experimental Results
Compositions Figure 6 shows a HAADF-STEM image of a precipitate. Cu and Y atoms are homogeneously distributed in the amorphous region, but they are enriched at definite atomic layers in the LPSO structure, as can be seen as bright lines. An atomic-scaled HAADF-STEM image of the LPSO structure in Fig. 7 shows that Cu and Y atoms are enriched at two atomic layers across stacking faults in the ABA " CBCBCBC " ABAB stacking sequence of the 14H-typed LPSO structure, where the arrows show staking faults. Similar result has been found in the LPSO structures in an Mg 97 Zn 1 Y 2 alloy. In order to understand the formation mechanism of the LPSO crystals from the amorphous phase, we have investigated the morphology at grain boundaries. Figure 8 shows a HAADF-STEM image around a grain boundary. In Fig. 8, one can see two different parts, i.e. an amorphous layer along the grain boundary, as indicated by a pair of arrowheads, and the LPSO crystal growing from the boundary up to the inside of the Mg-matrix crystal. The observation shows that the LPSO crystals evolve and grow inside the Mg-matrix by consuming the amorphous layer.
Discussion
The reasons, why and how such precipitates with the peculiar morphology consisting of a disk-shaped amorphous core sandwiched between 14H-typed LPSO crystals are formed in the melt-quenched Mg 98 Cu 1 Y 1 alloy, are the main issue of the present discussion. The precipitates have following characteristic features; 1) a peculiar shape aligned along the c-plane of the hcp Mg-crystal, 2) the amorphous core with a disk-like shape sandwiched between two LPSO crystals, and 3) preferential development of the LPSO crystals along the direction normal to planes of the diskshaped amorphous core and no LPSO crystals at edges of the amorphous core.
The solubility limit of Cu in the Mg crystal is very low, i.e. maximum value of 0.013 at%, whereas that of Y is about 3 at% at 840 K and decreases with decreasing temperature. relatively low Cu-rich composition, and consequently the Cu-rich amorphous phase is stabilized and left as the core of the precipitates.
In the formation process of the LPSO crystals, Y atoms supersaturated in the Mg-crystal phase migrate toward the LPSO phase and assist the growth of the LPSO crystals inside the Mg grains. The observation shown in Fig. 8 supports the above considerations. In Fig. 8 , one can see an amorphous layer with a thickness of about 10 nm at the grain boundary without any LPSO crystals, and also an LPSO crystal growing inside the Mg-crystal phase from the grain boundary without any amorphous layer. The result of Fig. 8 indicates that the LPSO crystal grows to inside the Mg-grain by eating up the amorphous layer and by the migration of Y atoms from the Mg-crystal.
The precipitates have a characteristic shape squashed along the c-axis of hcp Mg crystal. This shape is considered to result from primary amorphous particles. Amorphous particles in isotropic crystals have a spherical shape due to surface energy, but those in anisotropic crystals like the hcp Mg are considered to have the shape that a sphere is squashed along the c-axis and extended parallel to the c-plane of the hcp Mg-crystal. The fast growth of the LPSO crystal along the close-packed plane and slow growth along the direction normal to the close-packed plane from the primary amorphous particles are also responsible to the shape of the precipitates. The feature that the LPSO crystal grows toward the amorphous phase and Mg-crystal can be clearly seen in Fig. 6 . In the image, one can see stacking faults terminating in the amorphous phase and growing inside the Mg-matrix.
At the present time, however, we cannot understand why the edges of the disk-shaped amorphous core directly face to the Mg-matrix crystal with no LPSO crystals grown.
Conclusion
We have studied the microstructure of Cu-and Y-rich precipitates in a melt-quenched 
